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AFRODYNAMTIC CHARACTERISTICS OF 15 NACA AIRFOIL

SECTIONS AT SEVEN REYNOLDS NUMBERS

FRQM 0.7 x 10° T0 9.0 x 106

By Laurence K. Loftin, Jr. and Hamilton A. Smith
SUMMARY

An Investigatlon has been made of the two-dimensional aerodynamic
characteristics of 15 NACA airfolils at fowr Reynolds numbers

from 2.0 x 10° to 0.7 x 10°. These date, together with those from
previous KACA papers Tor the same airfoils at three Reynolds numbers

from 3.0 X 10° to 9.0 X 106, are presented and analyzed in the present
paper. The airfolls investlgated consisted of 10 systematically varied
NACA 6-series airfoils and 5 ailrfoils of the NACA 4- and 5-digit series.
The NACA 6-geries airfolls had thickness ratios varying from 9

to 18 percent of the chord, design lift coefficients varying from O

to O. 6 and positions of minjmum presswre on the basic thickness form
at zero 1ift varying from 30 to 60 percent of the chord., The NACA L-
and 5-digit-series sections investigated consisted of the NACA 0012,
and the NACA 44- and 230-series sections of l12-percent and l'j-percent
thickness. The tests were made for both smooth and rough surface
conditions and also included the determination of the effectiveness of
the different alrfoils at various Reynolds mumbers when equipped with
gplit flaps.

The results of the investlgation Indicate that the drag coefficient
at the deslign 1lift coefficient and the maximum 1ift coefflclent are the
importent asrodynemic characteristics which are mogt affected by
variations i1n the Reynolds number betwsen 9.0 X 106 and 0.7 X 106 For
sach of the 15 airfolls in both the smooth and rough surface condltions,
the drag coefficient at design 1ift increased as the Reynolds mumber

was lowered from 9.0 X 109 to 0.7 x 105. For the smooth NACA 6-geries
airfolls the magnitude of this Increase became larger with increasing
airfoll thickness and with rearward movement of the positlion of minimum
pressure on the basic thickness form at zero 1ift. In the rough surface
condition and at the lower Reynolds numbers in the smooth surface
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condition, the saving in minimum drag to be derived from the use of
NACA 6- series as compared with NACA 5-diglt- series alrfoll sectlons
disappears,

Decreasing the Reynolds number from 9.0 X 10® to 0.7 x 106 caused
reductions in the maximum 1ift of all the airfoils in both the smooth
and rough surface condltions. The magnitude and character of this
reductlon varied rather inconslstently with ailrfoll design and surface
condition, however, so that the comparative merite of & group of airfolls
changed markedly and in a rather unpredictable manner with Reynolds
number and surface condltion,

INTRODUCTICK

Two-dimensional aerodynamic data corresponding to Reynolds mumbers

of 3.0 x 108, 6.0 x 10°, and 9.0 x 106 are now generally available
(reference ls for a rather large number of systematlcally derived

NACA 6-series and 4-diglt- and 5-digit-series airfoil sections. Although
the range of Reynolds number covered by the investlgatlons reported In
reference 1 1s reasonably wlde, englneering design problems such as

may be encountered in the selectlon of wing sectlions for smell, personal-
type alrplanes may require data for a range of Reynolds number extending

pelow 3.0 x 10°.

With a view toward provliding & basls upon which to choose airfoils
for such applications, the two-dimensional aerodynamic characterlstlcs
of 15 NACA alrfoll sections have been determined at Reynolds numbers

of 0.7 x 108, 1.0 x 10°, 1.5 x 106, and 2.0 x 106. The results of this
Investigation are given in the present paper. In order to give a more
comprshensive picture ofthe manner in which the aerodynamic

characterlstics of the 15 ailrfolls vary with Reynolds number, data
obtained for these airfolils at Reynolds numbers of 3.0 X 106, 6.0 x 105,

and 9.0 x 10° (references 1 to 3 and previcusly unpublished data) are
also presented.

The airfoils Investigated consisted of 10 NACA 6-series sections
and 5 alrfoils of the NACA k- and 5-diglt-serles groups. The alrfolls
wore chosen to show the effect upon the resultant asrodynamic
characteristics at diffsrent Reynolds numbers of systematlc varilations
in airfoll thickness, camber, and thickness distribution. Lift,
drag, and pitching-moment date are presented for each of the plain, smooth

sirfolls at the seven Reynolds numbers from 0.7 X 106 t0 9.0 x 106, &
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sufficlent amount of data is also included to show the effects of

leading-edge roughness and split flaps upon the characteristics of the
airfolls.

SYMBOLS
cq section drag coefficlient
cy section 1ift coefflcient
cy maximum sectlon 1ift coefficient .
max :
cy 1 gectlon deslgn 1i1ft coefficlent
Cmg section pitching-moment coefficient about aerodynamic
center
Cmg /) section pitching-moment coefficient about guarter-chord
M point
T section angle of attack
L gection angle of zero 1lift
o .
dey /da, section lift-curve slope
R Reynolds number
c airfoll chord
x distance along chord °
¥ distance perpendicular to chord

ATRFOIIS

The airfolls investigated comsisted of 10 NACA 6-series sections
and 5 NACA 4- and 5-digit-serles sections. The airfoils were selected
to show the effect upon the resultant aerodynamlc characteristics of
gystematic varlations in thickness, camber, and thickness distribution.
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The 10 NACA 6-series alrfoils can be groupsd as follows to show the
gystematic variation in design parameters:

Thickness Camber Thicknessg-distribution
variation variatlon variation
NACA airfoil
64-409 64, -012 635-415
6L, -k12 64yA212 : 6y =415
. L L 6l -k12 65, -415
6l3-418 6L, 612 665 -415

The NACA 6h-geries thickness form was chosen for the basic
investigation of the effects of thickness ratlo and camber because, on
the basis of the higher Reynolds number results presented In reference 1,
this thickness form was belleved to represent the best compromise
between airfoil 1lift and drag cheracteristlcs in both the smooth and
rough surface conditions. The use of an NACA 6A-series thickness form
for the investigation of the l2-percent=thick ailrfoll with 0.2 design
11ft coefficient was prompted only by the avallabllity of the test model.
On the basis of the date presented in reference 3, the use of the slightly
modified thickness form in this case would not be expected to alter the
validity of the comparison of the more Important effects of camber upon
the aerodynamic characteristics of the airfoills. Except for the
investigation of the effect of-variation in amount of camber, the
NACA a = 1.0 mean line cambered for a deslgn lift;coefficient of- 0.k
wes used in all cases, since the use of this meen line with O. 4 design
1ift coefficient genﬁrally results in good maximum 11ft characteristics
without causing appreciable increases in the minimum drag or excesslve
values of the pitching moment (reference 1). Amounts of cember
corresponding to design 1lift coefficlents greater than O. 6 were not
investigated because previous experience (reference 1) has indicated
that such large emounts of camber have an adverse effect upon the drag
without causing eny marked improvement in maximum 1ift. Airfoils having ]
thickness retios not included in the range from 9 to 18 percent of the chord
were not investigated because they were not—thought—to be of very great
interest in the design of persomal-type airplanes.

The NACA 4~ and 5-digit-series airfoils for which experimental date
were obtained are as follows: .-

NACA 0012 NACA hklhl2 | NACA 23012

NACA 4h15 NACA 23015
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These particuler alrfolls were chosen for Investigation because they

have been employed qulte extensively in the past; hence, a coamparison of
their merits 1elative to those of the NACA 6-geries sections throughout
the range of Reynolds number from 0.7 X 106 to 9.0 X 106 seemed desirable.

Complete descriptions, Including the methods of derivation end
theoretical pressure-distribution data, can be found in reference 1 for
all the airfoils Investigated except the NACA 611-1A212 gection, for which
corresponding information is included in reference 3. Ordinates for
the 15 alrfolls tested are presented in tables I to XV.

APPARATUS AND TESTS

Models.~- The 2h-inch-chord models of the airfoil sections tested
wore constructed of laminated mahogany. The surfaces of the models were
lacquered and then sanded with No. 400 carborvmdum paper.

Wind tunnel and. test methods.- The experimental Iinvestigation was
conducted in the Langley two-dimensional low-turbulence tunnel. The
test sectlion of this tumnel measures 3 feet by 7.5 feet and, when
mounted, the model campletely spans the 3-foot dimension. Since this
tunnel operates at atmospheric pressure only, the Reynolds number 1s
varied by means of the tunnel alrspeed. LIft measurements are usually
made in this tunnel by taking the difference of the Integrated pressure
reaction upon the floor and ceiling of the tummel (reference 4). Because
of the small dynemic pressures involved in the present investigation,
however, more accurate measurements of the 1ift were obtainable with
the three-component balance which 1s part of thes equipment of the low-
turbulence tunnel. The plitching-moment measurements were also made with
the balance.

For the tests using the balance, the models were supported in the -
tunnel on trunnlons extending through the tunnel walls from the balance
freme. A small gap was allowed between the ends of the model and the
tunnel walls to insure freedom of movement of the balance. Since air
leakege through these gaps was considered as a pogsible source of error,

1ift tests were made at Reynolds numbers of 2.0 X 106 and 1.5 X 106

with the gaps open and then mealed. The measurements for the gaps-gealed
conditlon were made by means of the tunnel floor and ceiling pressure
orifices; for the gaps-open tests the baelance was used. Results obtained
by the two methods agreed to within the experimentel error for these
Reynolds numbers and would be expected to agree equally well at the lower
Reynolds numbers.

Similar camparative tests have shown, however, that more accurate
measurements of the drag are possible with the wake-survey apparatus
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than with the balance. Hence, all drag measurements were taken by the
wake-survey method (reference 4) with the gaps between the model and
tumel walls sealed with felt packing.

Testg.~ The tests of each smooth, plain airfoil comsisted of-
measurements of the sectlion 11ft, drag, and quarter-chord pitching

moment at Reynolds numbers of 2.0 X 106, 1.5 x 106, 1.0 X 106,

end 0.7 X 106. In none of these tests dld the Mach number exceed 0.15.
With the exception of the NACA 647A212 airfoil section, 1ift and pitching-
moment measurements at each of the four Reynolds numbers were also made
for the smooth airfoils equipped with 0.20c simulated split flaps
deflected 60°. In addition, all of the measuremente except those of the
pitching moment were repeated wlth standard roughness applied to the
leading edges of the alrfolls. The standard roughness employed was the
same ag that used in previous investigations (references 1 to 3) and
conslsted of 0.011-inch-dismeter carborundum grains spread over a
surface length of 8 percent of the chord measured from the leading edge
on the upper and lower swrfaces of the airfolls. The grainsg were thinly
spread. to cover from 5 to 10 percent of thls area.

In order that comparative date should be available for all the

alrfolils in the range of Reynolds number from 9.0 x;lDG to 0.7 X 106, 1t
was necessary to make standard tests (reference 1) in the Langley two-
dimensional low-turbulence pressure tunnel of the NACA 64-409

and NACA 64-612 airfolls at Reynolds mumbers of 3.0 x 105, 6.0 x 10,

and 9.0 X 106 since these data had not—previéusly been obtained. In
addition, supplementary tests were made in the Langley two-dimensional

low-turbulence pressure tunnel at a Reynolds number of 6.0 X 106 of the
NACA 23012 and NACA 23015 sections equipped wlth spllit flaps. Such data
are avallable in references 1 to 3 for the other alrfolls tested in the
present investigation (with exceptions as already noted) and were
congldered necessary for the NACA 23012 and KACA 23015 sections in order
to compare adequately the type of scale effect shown by those sectlons
with that of the other sections tested.

RESULTS

The results are presented (figs. 1 to 15) in the form of standard
aerodynamic coefficients representing the lift, drag, and quarter-chord
pitching moment. Each flgure is in three parts. The 1ift data for the
plain sirfoils and the airfoils with split flaps are contained in parts (a)
and (b), respectively, together wilth the appropriate quarter-chord
Pltching-moment data; the drag resulte and data on the aerodynamic
center and the moment coefficient about this point are contailned in part (c).
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The Reynolds number range for which the plein, smooth airfoil character-
igtics are presented extends from 9.0 X 106 $0.0.7 X 10°. Date are
presented for each of the plain airfolls with roughened leading edges
and for most of the alrfoils with split flaps in both the smooth and rough
surface condltions at five Reynolds mumbers from 6.0 x 106 o 0.7 X 106.
The characteristics at a Reynolds number of 6.0 X 106 of the NACA hki12
and NACA 4415 sections with split flaps are not available in reference 1
for the rough surface condition, nor were these data obtained in the
present investigetion. From the quarter-chord pitching-moment data,

the position of the aerodynamic center and the variation of the moment
about this point were calculated and are presented for each of the plain,
smooth airfoils (figs. 1 to 15, part (c)).

The influence of the tummel boundaries has been removed from the
serodynemic data for all the alrfoil sections. The following equations
(developed in reference L) which contain the correction factors for the
NACA 6h2—1!-l5 airfoil show the order of magnitude of the boundary effect:

cqg = 0.991cq’
¢, = 0.9T6cy"
a, = 1.01505"

where the primed quantities represent the coefficlents measured in the
‘tummel.

DISCUSSION

A detalled evaluation of the comparative merits of a large number of
airfolls is given in reference 1 for a Reynolds number of 6.0 X 106, In
the present paper such a detalled evaluation is not attempted for each
of the seven Reynolds numbers Investigated, but, rather, the data are
analyzed to show the effects of several airfoll design parameters upon
the manner in which the more lmportant aerodynamic characteristics of the
alrfolls vary with Reynolds number. As &an ald to this study, cross plots
(figs. 16 to 22) are used to show some of the Important aerodynamic
characteristics of the alrfolls as functions of Reynolds number. The
aerodynamic characteristlcs dlscussed concern the drag, the 1lift, and
the pitching moment.
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Drag

The general form of the drag polars corresponding to the various
Reynolds numbers may be seen In figures 1 to 15. The princ%_pal effects
on the drag of decreasing the Reynolds number from 9.0 X 10° to 0.7 X lO6
appear to be a variation in width of -the flat portion of the polars, an
increage in value of the minlmum drag coefficlent, and a steepening of
the drag curves beyond the flat portion of the polars.

Low-drag range.- The extent of the lift-coefficlent range over
which the 10 NACA 6-series airfoils in the smooth condition have low
drag, which corresponds to extemelve laminar flow, generally increases
ag the Reynolds number 1s lowered, with the greatest increase uswally
occurring as the Reynolds number is lowered below 3.0 X lO (figs. 1
to 15). The magnitude of the effect 1s greatest for the ailrfoils of
greatest thlckness, highest design 1ift coefficient, and farthest rear-
ward position of minimum pressure. It ls of interest to note that the
sctual low-drag range ls congiderably greater then the theoretical low-
drag range for all the airfoils at the lower Reynolds numbers. Hence,
for these Reynolds numbers, the first small pressure peaks which form
neer the leading edge am the 1ift coeffliclent 18 increased do not cause
transition from laminar to turbulent flow. For most Reynolds numbers,
the data show that thick airfoils with the position of minimum pressure
far forward tend to have the widest low-drag ranges.

The increaese in dreg wlth increasing 1ift coefficient within the
low-drag reglon shown for some of the airfoilg at the lower Reynolds
numbers {particularly pronounced for the RACA 645-415 section, fig. 3(e))
15 believed to be associated with the formatlion of a laminsr separation
bubble behind the position of minimm pressure. The exact behavior of
this bubble as the 1ift coefflcient and Reynolds number are varied,
however, is not entirely clear at the present time.

Although the comparatively high values of the minimum drag
coefficlent shown by the five NACA 4- and 5-digit-series airfoil sections
(figs. 11 to 15) preclude the possibility of a low-drag range corresponding
to extensive laminar layers on the airfoil swrfaces, there ls a range of
11ift coefficlent through which the drag of these alrfoils changes very
little. Although the manner In which this range veries wlth Reynolds
number for the different airfolls is not very well defined, there does
geem to be a tendency, which 1s especially marked in the cases of the
NACA L4412 apd NACA 23012 airfoll sections, toward & decrease in the
extent of this range as the Reynolds number is decreased. This effect
1s belleved to be assoclated with the formatlon and behavior of a
laminar separation bubble a short distance behind the leading edge
on the suction side ofthe airfoll. As previously stated, however, the
details of the mechanics of the lamlnar separation bubble are not
completely understood.
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The drag polars for the alrfoils tested with roughened leading
edges do not generally have & range of 1ift coefficlent over which the
drag 1is essentially constent but, rather, are of parabolic form. The
lower portions of the parabolas, over which the drag variatlion with
1ift coefficlent 1s the least, appear to become narrower for most of
the airfoils as the Reynolds number is reduced, except at the lowest

Reynolds number (0.7 X 166). The behavior of the drag polars at a

Reynolds number of 0.7 X 106 probably results from the fact that the
leading-edge roughness employed was not sufflclently large to cause
fully developed turbulent boumdary layers at this low value of the
Reynolds number. In most cases, airfoll thickness and cember do not
appsar to have a very pronounced or consistent effect upon the manner
in which the lift-coefficlent range corregponding to the lower portion
of the drag polers of the rough NACA 6-series sections varies with the
Reynolds number, or upon the actual width of the range itself.
Movement of the position of minimum pressure on the basic thickness
form at zero 1ift from 40 percent to 60 percent of the chord does,
however, seem to reduce the width of the range at most Reynolds numbers.
The data for the NACA 4- and 5-digit-series sections (figs. 11 to 13,
part (c¢)) show that the range of 1ift coefficient corresponding to the
lower portion of the drag polars for these airfoils in the rough
condition does not differ greatly at most Reynolds numbers from that
shown by most of the NACA 6-series sections.

Minimum drag.- The Reynolds number has a very importent effect upon
the minimm drag (figs. 1 to 15, part (c)) of the airfoils, both in the
smooth condition and with roughened leading edges. In order to show
more clearly the magnitude and trend of the effect, the drag coefficient’
corresponding to the measured design 1lift coefficient (designated minimum
drag coefficient) has been plotted in figure 16 as & function of Reynolds
nunber for each of the 15 alrfolls tested. For convenience in comparing
the drag variation of the different airfolls, the date for the NACA 6-
gserles airfolls are arranged in this plot in three groups according
to systematic variations of thickness, camber, and thickness distribution.
The data for the NACA 4- and 5-diglt-series sections are plotted in one
group. The drag coefficlent at the experimentael design 1lift coefficlent
is seen to increase with decreasing Reynolds mumber for all the airfoils
in the smooth condition (fig. 16(a)) and, except at the lowest Reynolds
muber, for the alrfoils with roughened leading edges (fig. 16(b)). The
previously mentloned effect of roughness size 1s probably responsible
for the drag reduction shown by the results for the rough alrfoils at &
Reynolds number of 0.7 X 106.

For the smooth FNACA 6-series airfoils, the amount by which the
minimum drag coefficlent increases as the Reynolds number is lowsred
appeaers to become larger as the thicknese ratio of the sectlons 1s
Increased and as the position of minimum pressure ls moved rearward along
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the chord (fig. 16(a)). Variation of camber seems to produce only
slight, inconsistent changes in slope of the curve of drag against
Reynolds number. These trends indicate that the advantage 1n drag
reduction to be derived from the use of thin alrfoll sectlons increases
as the Reynolds number 1s lowered and that relatively fer forward
positions of minimum pressure are deslrable at low values of the Reynolds
nunmber. It 1s interesting to note that, although the purpose of moving
the position of minimum pressure rearward to 60 percent of the chord is
to decrease the drag by increasing the relative extent of laminar flow,
the section with minimum pressure farthest forward actually has more
favorable drag cheracteristics at the two lowest Reynolds numbers. The
fact that regions of laminar separation probably exist behind the
position of minimum pressure and increase in extent as the airfoll
thickness is increased and as the position of minimm pressure is moved
rearward ig believed to be responsible for the observed effect of
airfoil thickness and thickness distribution on the drag at the lower
Reynolds numbers.

The drag data for the NACA 4-digit-series and 5-diglt-series alrfolls
in the smooth surface condition (fig. 16(a)) generally do not show as
much varietion with Reynolds number-as do those for the NACA 6-series
sections. Because of the differences in scale effect, the advantage in
drag reduction derived from employing a smooth NACA 6-geries section as
compared with one of the smooth NACA 4- or 5-digit-series sections
diminishes as the Reynolds number is lowered. At a Reynolds number

of 0.7 X 106, the drag values for the smooth condition of the NACA 6-
geries alrfolls and the NACA 4- and 5-digit-series sectiona are of about
the game order of magnitude. The fact that the scale effect on the
minimum drag of-the NACA L4-digit- and 5-digit-series sections 1s smeller
than that-shown by the NACA 6-series sections may possibly be atitributed
to the following two effects: first, from some preliminery studies there
is reason to believe thet there exists on the NACA 6-geries sections a
region of laminar separation behind the poslition of minimum pressure
which increases in extent as the Reynolds number is lowered and causes
the drag to increase rapidly. Within the same range of Reynolds number,
however, the transition polnt on the NACA h-gigit- and 5-digit-series
gections 1s ahead of the inciplent lamlnar separation point so that no
reglons of separated flow exist. Second, the transition point on the
NACA L- and 5-digit-series sectlons probably moves rearward as the
Reynolds number is reduced so thet the relative extent of laminar flow
increases as the Reynolds number ls decreased. The extent of laminar
flow on the NACA 6-series sections is limited at the posltlion of laminar
separation which, of course, does not vary with Reynolds pumber. If

the Reynolds number were sufficiently low so that the transitlon polnt
on the NACA 4k-digit- and 5-digit-series sections were to occur behind
the incipient separation point, reglons of laminar separation
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and, consequently, higher dregs and more pronounced scale effect would
be expected for these alrfolls.

In the rough surface condition, the minimum drag coefflcients of
the NACA 6-series and 4- and 5-digit-series airfoil sections vary with
Reynolds number in about the same menmer. The values of the drag of
comparable NACA 6-series, 00-series, and 230-series sections are also
about the same at most Reynolds numbers; whereas the drag values of the
NACA Lki-series sections are, comparatively, appreciably higher. In
general, Increases in the airfoll thickness ratio and camber cause
rather conslstent increases in the drag throughout the Reynolds number
range; whereas variations In thickness form seem to have a relatively
smell effect.

Drag outside the low-drag range.- From an inspection of the data of
Pigures 1 to 15, 1t can be seen that the drag outslde of the relatively
Flat portion of the polar Incresses for all the alrfoils in the smooth
and rough. surface conditlons as the Reynolds mumber is lowered

from 9.0 X 106 to 0.7 X 106. The magnitude of the scale effect is
generally largest for the smooth surface condltion. Variations in
airfoil-design parameters have some influence upon the megnitude and
character of the scale effect; however, consistent trends are difficult
to distinguish.

Lift

The 1ift parameters which are usually considered to be of most
Importance are the lift-curve slope, the angle of zero lift, and the
meximum 11Pt coefficient. From the 1ift data presented In figures 1
to 15, the values of these parameters have heen determined at each
Reynolds number for the alrfolls tested and are plotted as functlons
of Reynolds number in figures 17 to 22.

Lift-curve slope.- According to reference 1, the slope of the 1lift
curve ls consldered to be defined by a stralght line tangent to the
1ift curve at the design 1ift coefflcient. The lift-curve slopes for
a Reynolds number of 6.0 X 105, presented in reference 1, could be
determined quite easily in accordance with this definitlon since the 1ift
data corresponding to the higher Reynolds numbers generally show only a
small emount of dlsperslion and are characterized by & nearly linear
variation with angle of attack within the low lift-coefficlent renge.

In the present experlments at Reynolds numbers below 3.0 X 105, however,
the necessarily low dynamic pressures reduced the accuracy of the
measuring apparatus so that some scatier 1s present in the 1ift data.
For this reason, and because some of the lift curves tended to have
glight Jogs and variations in slope near the design 1lift coefficient,
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comparable measgurements of the lift-curve slope for different Reynolds
numbers did not appear feasible by the method employed in reference 1.
The 1lift-curve slopes were therefore considered to be defined by the
best stralight line through the experimental points between zeroc lift and
the design 1ift coefficient for the cambered ailrfoils. For the two
symmetrical sections, the lift-curve slopes were determined by the best
fairing of the data from zero lift to a few tenths in 1ift coefficient
above and below zero 1lift. The lift-curve slopes corresponding to all
the Reynolds numbers from 9.0 X 106 to 0.7 X 106 were measured according
to this procedure and are presented for the 15 airfoills in the smooth and
rough surface condltions in figure 17.

An examinetion of the data of figwre 17 indicates thet the value of
the slope of the 1ift curve for the smooth airfolls decreasses as the
Reynolds number is lowered from 9.0 X 10° to 0.7 X 106. The megnitude
and character of the scale effect vary somewhat for the different air-
foils; however, these variations in scale effect-do not form any
consistent trends with systematic changes in the design parameters of
the alrfoils. In most instances, for the smooth ailrfolls, the decrease
in 1lift-curve slope which accompanies reductions in Reynolds number 1s
greatest between.Reynolds numbers of 3.0 X 100 and 0.7 X 105, with
variations in Reynolds number from 9.0 X 106 to 3.0 X 106 uswally having
an almost imperceptible effect on the slope of the 1lift curve (fig. 17(a)).
In comparison with the date for the NACA 6-geries airfolls, the 1lift-
curve slope of the NACA 64,A212 airfoil is seen to be rather low at all
Reynolds numbers. As pointed out in reference 3, the trailling-edge
angles of the NACA GA-series sections, which are larger than the trailing-
edge angles of the NACA 6-series sections, cause reductions in the 1lift-
curve slope.

The addition of roughness to the leading edge usually results in
lower lift-curve slopes for all the airfoils (fig. 17(b)). In general,
however, for any particular airfoll, the decrement in 1lift-curve slope
due to roughness does not seem to vary to any lerge extent with the
Reynolds number,

Angle of zero 1lift.- The data presented in figure 18 indicate that
the angle of zero 1ift of most of the airfoils changes to some small
extent with Reynolds nmumber, but in most cases the scale effect is
relatively insignificant., The addition of standard leading-edge roughness
(fig. 18(b)) causes a change in the magnitude of the angle of zero lift
of most of the alrfolls.

Maximum 1ift coefficlent.~ The 11ft pearameter which ls most
affected by variations In the Reynolds number is the maximum 1I1ft
coefficient (figs. 1 to 15). A discussion of the flow phenomena
asgoclated with the occurrence of mAximum 1ift and the relationship
between these phenomens and the Reynolds number is given in reference 5.
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The plot of maximm 1ift against Reynolds number for the different air-
folls (figs. 19 to 22) shows that, in all cases, decreasing the Reynolds

number from the highest value to 0.7 X 10% effects reductions in the
meximm 11ft of the airfoils, with and without split flaps, in both the
smooth and rough surface condlitlions. The manner In which the maximum
1ift of the airfoils varies wlth Reynolds number and the magnitude of
this variation are seen to depend upon the airfoll design, surface
condition, and whether a split flap ls employed. Unfortunately, the
data also show that the type and megnitude of the scale effect on the
maximum 1ift do not vary in any very conslstent manner with the alrfoil-
deslign parameters investigated. It is not possible, therefore, to ,
predict from the comparative values of the maximum 1ift of & group of
alrfoils at one Reynolds number the advantage one airfoll wlll have over
another at any other Reynolds number.

As an example of the manner In which the merlts of different air-
foils change with Reynolds number conslder the manner in which the
comparative values of the maximum 1ift of the NACA 64-409 and NACA 6’-!»3-11-18
airfolls in the smooth condltlon change as the Reynolds number is

lowered from 9.0 x 10° to 0.7 x 100 (fig. 19). Notice aleo that the
rather large advantage of the FNACA 23012 airfoil 1n the smooth, plain
condition as compared with the NACA 6k;-%12 and NACA Lhl12 sections

decreages and £inally vanishes as the Reynolds number is progressively

reduced from 9.0 x 10% to 0.7 x 108 (figs. 20 and 22). In general,
there 1s less scale effect on the maximum 1ift of the alrfolls with
rough leading edges than on the alrfolls with smooth swurfaces. Surface
roughness, nevertheless, has a large effect upon the comparison of some
of the airfolls for the different Reynolds numbers. Agaln consider the
datae for the NACA 23012 sectlon whlch show that the maximum 1ift of thils
plaln airfoil with roughness becomes progresslvely less favorable
relative to that of comparable NACA 6-series sectlons (NACA 64;A212 and
NACA 6kq-412) as the Reynolds number is reduced and is actually less than
that of the NACA 6L4-409 section below 2.0 X 106; whereas at practically
all Reynolds numbers, the plain NACA 23012 section wlth esmocoth surface
hag maximum 11f% coefficlents as high as or higher than those of comparable
6-geries airfoils, With split flaps deflected 600, the data show that
the amount and type of maximum-1ift variation with Reynolds number are
not necessarily the same as Indicated by the results for the plain
airfolls; and agein, the comparative values of the maximum 1ift of the
various airfoils with split flaps are seen to change with the Reynolds
number and surface condition. From the viewpolnt of the aircraft
deslgner, the most imporitant conclusion to be drawn from these
meximum-11ft date 1s that the selection of an airfoil for a given
application must be made from data at a Reynolds number corresponding to
the Reynnslds number of the application.
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Stalling characteristics.- In airplans design problems the manner
in which the airfoll stalls 1s frequently of great importance. The
lift data in parts (&) and (b) of figures 1 to 15 show that the type
of gtall depends upon the Reynolds number, airfoil design, swrface
condition, and whether a spllt flap is employed. In general, the data
for the plain, smooth NACA 6-geries sections show that the stall becomes
less abrupt as the airfoil thickness and camber are Iincreased and as
the Reynolds number is reduced. The favorable effect of a2 decreasing
Reynolds number on the character of the stall 1s not evident In the data
for the NACA 6-series airfoils of 15- and 18-percent thickness and for
the airfoil of 0.6 @esign 1ift coefficient. These sections, however,
sHow favorable stalling characiteristics at all Reynolds numbers as
compared with the rather abrupt stalls shown by the thinner sections
and sections of smaller camber at the higher Reynolds numbers.
Variations in thickness form corresponding to positions of minimum
pressure on the basic thickness form at zero 1lift from 30 to 60 percent
chord do not appear to have any effect upon the character of the stall
of the 15-percent-thick, smooth airfoil sections. Rearward movement of
the minimum-pressure polnt may, however, have some small adverse effect
upon the stalling characteristics of airfoils thinner than 15 percent
of the chord as indicated by data correspondiing to Reynolds numbers

from 3.0 x 10° o0 9.0 x 10% for 12-percent-thick airfoils having
different positions of minimum pressure (reference 1).

In the smooth surface conditlion the two NACA 230-serles sections
are seen to possess extremely undeslirable stalling characteristics at
nearly all Reynolds numbers, whereas both of the NACA 4l4-geries sections
have very good stall characteristics throughout the Reynolds mumber
range investigated. The stall of the NACA 0012 section 1s very acute at
the higher Reynolds numbers but, like the NACA 6141-012 airfoil,

reductions in the Reynolds number have & somowhat favorable effect.

In the rough surface condition, nearly all of the plain airfoils
have good stalling characteristlcs at most Reynolds numbers. The
NACA 230-serles sectlons, and at the higher Reynolds numbers the NACA 0012
section, are noteble exceptions, for even in the rough condlition the
stalling characteristics of these alrfolls are rather undesirable at
most Reynolds numbers.

With 0.20c split flaps deflected 60°, the stalling characteristics of
the smooth NACA 6-series sections do not vary in an entirely consistent manner
with elther Reynolds number or ailrfoil design. In some cases, decreasing
the Reynolds number improves the stalling characteristics (exasmples,
NACA 64-409 and NACA 644 -k12 sections); in other cases, decreasing the
Reynolds number does not seem to affect the stall (NACA 643-L418); whereas
in sti1l1l other cases, the stall seems to be affected sligh adversely
by reducing the Reynolds number (NACA 635-415). It is interesting to
note that, whereas increasing thickness improved the stall of the plain
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NACA 6-series sections, the NACA 64,-L15 and NACA 643-418 sections with

flaps have stalling characteristics at Reynolds mumbers below 6.0 X 106
generally less desirable then those of the 9-percent-thick section.
Neither variations in thickness form nor in amount of camber seem to
bave a very important effect upon the stall, although the stall of the
66-geries section at the different Reynolds numbers may be somewhat
more desirable than the stalls of the other airfoills of 15-percent
thickness. The smooth NACA 23012, 23015, and 0012 airfoill sections with
split fleps are characterized by quite abrupt stalls at all Reynolds
numbers. The NACA Whi-geries sections, when equipped with split flaps,
possess stalling properties which are somewhat similar to those of
comparable NACA 6-geries sections.

Except for the NACA 0012 and NACA 230-series sections, the addition
of roughness usually improves to some degree the stalling characteristics
of the airfolls with flaps, although this is not always true. (See,
for example, the data for the NACA 611-3-1L18 section, fig. 4(b).)

Pitching Moment and Aerodynamic Center

The values of the quarter-chord pitching-moment coefficient
corresponding to the design angles of attack show practicaelly no
veriation with Reynolds number for any of the plain airfoils (figs. 1
to 15, part (c)). Accompanying changes in the Reynolds number, some
change in the slope of the pitching-moment curve against angle of
attack 1s notlceable. Consequently, the chordwise position of the
aerodynamic center varles somewhat with Reynolds number; however, these
variatlions do not appear to form any consistent trend with the Reynolds
number (figs. 1 to 15).

When the airfoils are equipped with split flaps there 1s some
variation with Reynolds number of the quarter-chord pltching moment
corresponding to zero angle of attack for several of the airfoils. This
variation uswally consists of a decrease in magnitude of the coefficient
with decreasing Reynolds number and is most pronounced for the thicker
airfoils with far back position of minimum pressure. There is also
some change in the shape of the curve of pitching moment plotted against
angle of attack with Reynolds number for several of the airfoils. This
change of shape usually consists of a decrease in megnitude of the
Pitching moment with increasing angle of attack which becomes more
rronounced as the Reynolds number is reduced. The magnitude of the effect
seems to become more pronoumced as the airfoil thickness and camber are
increased and as the posltion of minimum pressure is moved rearwsrd.
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CONCLUSIONS

From investigations of the two-dimensional aerodynamic cheracter-
istics of 10 NACA 6-series and 5 NACA 4- and 5-digit=series airfoil

sections at seven Reynolds numbers from 9.0 X lO6 to 0.7.X 106, the
following conclusions can be drawn:

1. The drag coefficient at the design 1ift coefficient (designated
minimm drag coefficient) of each of the 15 &lrfoils both in the smooth
and rough surface conditions Increased as the Reynolds number was

‘lowered from 9.0 X 106 Yo 0.7 X 106. The magnitude of this increase
became larger for the smooth NACA 6-series sections with increasing
alrfoll thickness and rearward movement of the position of minimum
pressure on the basic thlclkness form at zero 1ift. In the rough surface
condition and at the lower Reynolds numbers in the smooth surface
condition, the reduction in minimum drag to be derived from the use of

NACA 6-series ag campared with NACA 5-diglt-series sections disappeared.

2. Reductlons in the Reynolds number generally caused some increase
in the extent of the low-drag range for the smooth NAGA 6-series airfoils.
For all the airfoils, the actual extent of. the low-drag range was greater
than the theoretical value at the lower Reynolds numbers.

3. Decreasing the Reynolds mnumber from 9.0 X 106 to 0.7 x 105 caused
reductions in the maximum 1ift of all the airfoils with and without
split flaps, 1n both the smooth and rough surface conditions. The
magnitude and cheracter of this reduction, however, varied rather
incongistently with airfoil design and surface condition so that the
comparative merits of the group of airfolls chenged markedly and in a
rather unpredicteble manner with Reynolds number and surface conditions.

4. In general, reductions in the Reynolds number appesred to
decrease the sharpness of the stall on those NACA 6-geries airfoils
for which the 1ift curves are characterized by rather abrupt losses in
1ift at the stall. The very undesirable stalllng characterlistics of the
NACA 230-series sections were not improved in either the smooth or rough
surface condltion by reductlons In the Reynolds number.

5. Some decrease in the lift-curve slopes of the smooth and rough
eirfolls accompanied decreases in the Reynolds number. The type and
magnitude of the scale effect changed to a small degree, with varilations
in the airfoil-design parameters consldered. In most cases the angle of
zero 1lift seemed to be almost independent of variations In the Reynolds
number.
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6. The value of the quarter-chord pitching moment et the design
angle of attack did not vary with Reynolds number for the plain airfoils.
The chordwise position of the asrodynamic center varied somewhat with
Reynolds number, but these variations were, in most cases, relatively
emall. With O. 20-chord simulated split :E'la.ps deflected 600 the value
of the quarter-chord piltching moment at zero angle of a.t'ba.ck in many
cages varled somewhat in magnitude with Reynolds number.

Langley Aeronautical Iaboratory
National Advisory Committee for Aeromautics
langley Air Force Base, Va., July 6, 1949
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TABLE I
ORDINATES OF THE
NACA 644109 AIRFOIL SECTION

I_-Btations and ordinates glven in
percent of alrfoil chord

NACA TN 1945

TABLE II
ORDINATES OF THE
NAOA Sljj-lj12 AIRFOIL SECTION

Etntionl and ordinates givep in
percent of airfoil chord

Upper surface Lower surface

Upper surface Iower surface

Stetion |Ordinate | Statlon | Ordinate;
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TABIE IIX
ORDINATES OF THE

NACA 6lp-1415 AIRFOIL SEGTION

[Btations and ordinates given in
percent of airfoll or

TABLE IV
ORDINATES (& THER
RACA 61;5-1,0.8 AIRPOIL SECT ION

[Bta.t:.ons and ordinates given in
percent of alrfoll ohorg_:r

Upper surface Lower surfaoe

Station {Ordinate | S8tation |[Ordinate
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TABLE V

ORDINATES OF

THEE

NACA 611,1-012 AIRFO IL SBCTION

[Btations and ordinates given in
percent of airfoil cl-xcu-an

Upper surface Lower surface
Station | Ordinate | Station | Ordinate
1) 0 0
3 978 5 -.978
<15 1.179 <15 ~1.179
1.25 1.490 1.25 =190
2.5 2.035 2.5 -2.035
5 2.810 ? -2,810
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L.E. radius: 21.040

TABLE VI

ORDINATES OF THE
NAGA 6l34212 AIRFOIL SECTION

[Stationn and ordinates given in
percent of airfoil chord]

Upper Surface

Lowar Surface
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Station |Ordinate
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TABLE VII

ORDINATES OF THE

NAGA 6l;-612 AIRFOTL SECTION

[Btatlons and ordinates given in
percent of airfoll chor
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TABLE VIII

ORDINATES OF THE
NACA 635415 AIRFOIL SECTION

[Stations and ordinates given in
percent of airfoll chor

Upper surface

Lower surface

Statlon |Ordinate | Station {Ordinate
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TABLE

ORDINATES
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x

OF THE

NACA 65,-1515 AIRFOIL SECTION

Etatﬂ.ons and ordinates given in
peroent of alrfoil ohor

Upper surface

Lower aurface
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TABLE X

ORDINATES OF THE

NACA 662-415 ATRFOIL SEOTION

[btations and ordinates given in
percent of alrfoll chor
Tpper surface Lower asurface
Station |Ordinate | 8tation |Ordinate
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TABLE XI
OHDINATES OF THE

NACA 0012 AIRFOIL SEOTION

[Btations and ordinates givep in
percent of airfoil chor
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TABLE XTI TABLE XIIIX

ORDINATES OF THE

¥ACA LL15 AIRPOIL SECTION

Etntions and ordinates glven in
percent of airfoll chord

ORDINATES OF THE

KACA 4412 AIRPOIL SBEOTION

[Btations and erdinates given in
percent of airfoll chor

Upper surface Lower surface . Upper surface Lower surface
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TABIR XIV TABLE XV S

ORDINATES OF THE
NHAGA 23012 AIRFOIL SECTION

[Btations and ordinates givep in
percent of airfoil chord
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ORDINATES OF THE
HAGA 23015 ATRFOIL SECTION

[Btations and ordinates given in
percent of alrfoll cherd
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Figure 1l.— Aerodynemic characteristice of the NACA 6b-h0G airfoll section, 2L-inch chord.
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(v) Section 1ift and pitching-momwent characteristics of the NACA 64409 airfoill section with a
0.20c slmulated split flap deflected 60°.

Figure l.— Continued.
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(c) Bection drag characteristics and section pitching-moment characteristics about the asrodynamic

coenter of the plain NACA &4-—409 alxrIcil section.

Figumre 1l.— Concluded.
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(a) Section 1 and pitching—moment characteristice of the plain airfoll section.

Go

Figure 2.— Aerodypamic cheracteristics of the NACA 641~412 airfoll sectlon, 2h—inch chord.




(b) Bection 1ift and pitching-moment characteristics of the NACA 64,—L12 airfoil section with a
0.20¢ simulated split flap deflected 60°. -

Figure Z.— Continued.
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(c) Sectlon drag characteristics and section pitching-moment charscteristic
center of the plain NACA 611-1—’4-12 airfoil section.
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Figure 2.— Concludsd. -
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Figure 3.— Asrodynamic characteristics of the NACA 64—ltl5 airfoil section, 2bh—inch chord.




(b) Bection 1ift snd pitching-moment characteristics of the NACA 6is-Ll5-airfoil secticn
0.20c simulated split flap deflected 60°.

Figure 3.~ Contlnued.
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(c) Section drag cheracteristics and section Pltching-moment characteristics about the aerodynamic

center- of the plain NACA 6Uo—415 airfoil section.

Figure 3.— Concluded.

ot

6T NI VOVN

m

€




&
Ha

ik
i T
ey

(a) Saction 1ift end plitching—moment characteristics of the plain alrfoil sectlon.

Figure b.,— Aerodynemic characteristics of the NACA 6h3—h18 alrfoil sectlon, 2h—inch chord.
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Figure 4.— Concluded.
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(a) Section lift snd pitching—moment characteristics of the plain airfoil section.

Flgure 5.— Asrodynaemic cherscteristics of the RACA 61+l--012 airfoll eection,.24—inch chord.
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(b) Bection 1ift and pitching-moment characteristics of the NACA 64,012 alrfoll section
with a 0.20c simulated split flep deflected 60°.

Figure S5.— Continued.
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{c) Sectlion drag characteristices and section pitching-moment characteristics about the

center of the plain NACA 641012 alrfoll section.

Flguere 5.~ Concluded.
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Aerodynamic characteristice of the NACA 64,A212 airfoll section, 2k—Inch chord.

Tigure 6



+0
4 9-0

Tlagged

6
g E.o x _10

s danots

ntanAanrs *oorhnosa
_aeate ganene

KACA TN 1945

q H—:f.-‘-——_-‘;-

KN NER

Oriciu oo -

H]

oOeAbAY

..I..._t..

!

center of the plain NACA 6474212 airfoil seotion.

7
L
T
- {b) Section drag characteristics and sectlon pitching-momsunt characteristics about the aerocdynamic

Figure 6.— Concluded.
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(a) Bection 1ift and pitching-moment characteristics of the plain airfoil section.

Figure 7.— Asrodynamic characteristics of the NACA 641-612 alrfoil section, 24—inch chord.
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(a) Section 1ift and pitching—moment characterigtics of the plain airfoll section.

Figure 8.— Aerodynamic characteristics of the NACA 6315 alrfoll section, 2h—inch chord.
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(b) Section 1ift and pitching-moment characterigtice of the NACA 63,415 airfoll section with a
0.20c similated split flap deflected €0°.

Filgure 8.— Continued.
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. (a) Section 1lift and pitching—moment characteristice of the plain alrfoil sectilon.
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Figure 9.— Aerodynamic characteristics of the NACA 65,415 airfoll section, 2U—inch chord.




(b) Section 1ift end pitching—moment characteristics of the FACA 6503415
0.20c simulated split flap deflected 60°.

Figurs 9.~ Comtinued.
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Figure 9.— Concluded.
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(¢) Section drag characieristics and section pitching-moment characteristics about the asrodynamic
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Figure 10.— Concluded.
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(a) Sectlon 11ift and pitching—moment characteristics of the plain airfoil section.

Flgure 1ll.— Aerodynamic charecteristice of the NACA 0012 airfoll section, 24—inch chord.
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(b) Section 1ift and Dltching-momsnt ¢ racteristice of the NACA Lh1p alrfeoil section with a

0.20c simlated split flap deflected 60°.
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{c) Section drag characteristics and sectlon pitching-mement characteristics about the asrodynamlic

cemter of the plain NACA 412 airfoil section.

Figure 12.— Concluded.
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(a) Section lif't and piltching-moment characteristics of the plain airfoil gectlon.
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Figure 13.~ Aerodynamic characteristics of the NACA L4415 mirfoill section, 24—inch chord.




(b) Bection
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1ift and pltching-moment characteristics of the FACA 4415 airfoil section with a
0.20¢ similated split flap deflected 60°.

Figure 13.— Comtinued.
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(c) Section drag characteristics and section pitching-moment charscterigtics ebout the aerodynamic
center of the plain WACA 4415 airfoil section.

Flgure 13.— Copcluded.
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{a) Section 1ift and pitching-moment characterlstice of the plain alrfoll section.
Figure l4.— Aerodynamic characteristics of the NACA 23012 alrfoil section, 2h—inch choxd.
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(b) Section 1ift and pitching—moment charscteristics of the NACA 23012 alrfoll section with a
0.20c simulated split flap deflected 60°.

Figure 1lh.— Continmed.
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(c) Sectlon drag characteristice and sectlon ritching—noment characteristics about +the asrodynamic
center of the plainm NACA 23012 airfoill section.

Figurg Ibh.— Concluded.
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(a) Section 1lift and pitching-moment characteristice of the plain ailrfoll section.

Flgure 15.— Aerodynamic; characteristics of the NACA 23015 eirfoll section, 2b—inch chord.
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Figures 15.— Contlnued.
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Figure 16.— Variation with Reynolds number of ‘section drag coefficisnt at

design 1ift coefficient for ths 15 plair alrfoils.
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Figure 20.— Varistion with Reynolds mumber of maximum section

1ift coefficlent for four NACA 6h—sgeries airfoils of 0.12¢

thickness and varlous camber.
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